The hot tensile deformation and fracture behavior of a nitrogen alloyed ultralow carbon austenitic stainless steel were studied by a Gleeble-1500D thermo-mechanical simulator with the temperature range of 11731473 K and strain rate range of 0.011 s ¹1 . Microstructural evolution was analyzed in terms of fractography at various deformation temperatures and strain rates. The tensile true stress-true strain curves after necking were calculated by the heuristic method. The fracture threshold values of the studied steel were estimated by finite element method (FEM). The final load-stroke curves obtained from the FEM simulation were found to have a good agreement with the experimental load-stroke curves. The quantitative relationship between fracture threshold value and Zener-Hollomom parameter was also established. The results are beneficial to the understanding of hot deformation behavior of a wide range of stainless steels.
Introduction
Nitrogen alloyed ultralow carbon austenitic stainless steel is a good candidate material for the primary piping of AP1000 nuclear power plant, due to its good corrosion resistance, excellent mechanical performance and adequate weldability. Figure 1 shows the schematic diagram of the AP1000 forging pipe with integrated nozzles. The integral forging of the pipe including two nozzles increases the difficulty of forging process. It is a main concern whether this large forging can be successfully manufactured without fracture. Currently, the forging processes of fracture-free products are designed through experience-based trial-anderror, 13) which is inefficient and expensive. For AP1000 forging pipes, it is nearly impossible to conduct repeated experimental forging investigations to design the forging process, owing to their large size, complex shape and high cost. Thanks to the development of finite element method (FEM), the design and optimization of such forging processes can be done by FEM, which will greatly decrease the cost and increase the efficiency. However, the task cannot be finished without comprehensive and in-depth study of fracture behavior of the nitrogen alloyed ultralow carbon austenitic stainless steel. Thus, it is imperative to investigate the fracture behavior of the steel and to develop the corresponding fracture criteria.
Many researchers have studied fracture behavior of metallic materials and have established several fracture criteria such as Freudenthal criterion, 4) Cockcroft & Latham criterion, 5) normalized Cockcroft & Latham criterion, 6) Brozzo criterion, 7) Oyane criterion 8) and Rice & Tracey criterion. 9) Some of them are included in commercial finite element simulation software, this enables the prediction of fracture by finite element simulation. Dizaji et al. 10) predicted the fracture of DKP 6112 steel sheet by five different ductile fracture criteria with different hardening models and hardening rules, and they found that some ductile fracture criteria give better predictions if appropriate hardening model is employed. Zhu et al.
11) supposed a new fracture criterion that takes into consideration the effects of temperature and strain rate to predict the fracture of a Ti40 titanium alloy. Zhang et al. 12) predicted the location of crack initiation in a Ti40 alloy by FEM with the Oyane criterion. Cao et al. 13) studied three ductile damage approaches in predicting fracture in cold forming process. Ran et al. 14) supposed a hybrid model to calculate the fracture energy which considers the influence of grain size.
During hot forming of metallic materials, different fracture mechanisms will play a role, depending on deformation parameters like temperature and strain rate. 15) With increasing temperature, dynamic recrystallization will make a contribution to reducing stress concentration and to isolating microcracks originally at the grain boundaries. 16) With increasing strain rate, the time for dynamic recovery and dynamic recrystallization will reduce, which maintains stronger stress concentration and more microcracks. 17) Thus, it is necessary to understand the microstructural evolution with the change of deformation parameters as well as the effect on fracture morphology of metallic materials. There are many researches on the change of microstructure and fracture morphology with deformation parameters, for various materials such as Al-Zn-Mg-Cu alloy, 18) 42CrMo steel, 19) Ti alloy, 20) Mg/Mg 2 Si composite 21) and Al-Cr-CuNi-Fe-Co high-entropy alloy. 22) There are some investigations on the fracture behavior of the studied steel. Duan et al. 23) obtained the critical damage values for initiation of voids based on normalized Cockcroft & Latham fracture criterion. Zhang et al. 24) found that recrystallization promotes the formation of cracks and stress trialxiality plays an important role in the prediction of the destruction. He et al. 25) proposed a fracture criterion based on Oyane criterion to predict the hot deformation fracture. Although these studies have been carried out, further study of the hot deformation and fracture behavior is still greatly needed in order to realize the simulation-based design and optimization of manufacturing process of primary piping for the AP1000 nuclear power plant. In this study, hot tensile experiments are conducted on a Gleeble-1500D thermomechanical simulator. The influences of deformation temperature and strain rate on the microstructures at the fracture area and the fracture morphologies are analyzed. The fracture threshold values are estimated by FEM. Especially, the quantitative relationship between fracture threshold value and Zener-Hollomom parameter is established, and the fracture threshold values of the studied steel under different hot deformation conditions can be calculated more easily and accurately.
Experiment
The chemical compositions of the studied steel are listed in Table 1 . The cast ingots were solution treated at 1373 K for 1 h. After that, cylindrical tensile specimens with a diameter of 10 mm and a height of 121.5 mm were machined. The initial microstructure after solution treatment is shown in Fig. 2 .
The tests were carried out on a Gleeble-1500D thermomechanical simulator at four deformation temperatures of 1173, 1273, 1373, and 1473 K and with three strain rates of 0.01, 0.1 and 1 s
¹1
. The specimens were firstly heated to 1473 K at a rate of 20 K/s and held for 300 s to eliminate the thermal gradients. Then, the specimens were cooled down to the specified deformation temperature at a rate of 15 K/s and soaked for 30 s. Subsequently, the tests started at certain temperatures and strain rates. After tensile fracture, the deformed specimens were quenched in water immediately to preserve the hot deformation microstructure. All of the deformed specimens were sectioned parallel to the tensile axis so as to observe the microstructures at fracture area by an optical microscope (OM), and the fracture morphologies were observed by a scanning electron microscope (SEM). Figure 3 shows the microstructures at fracture area of the specimens deformed at different temperatures and strain rates. All the OM images were taken on sections parallel to the tensile direction.
Experimental Results

Microstructural evolution at fracture area
Under the deformation temperature of 1173 K and the strain rate of 0.1 s
¹1
, the initial grain boundaries are serrated and few recrystallized grains at the initial grain boundaries can be seen, which is shown in Fig. 3(a) . With increasing deformation temperature, the recrystallization nucleation rate accelerates. More recrystallized grains occur at the initial grain boundaries when deformation temperature is increased from 1173 K to 1273 K, as shown in Fig. 3(b) . When the deformation temperature reaches 1373 K, much more recrystallized grains are observed along the tensile direction, as shown in Fig. 3(c) . At the deformation temperature of 1473 K, the recrystallized grains grow rapidly and replace the initial grains completely, and a homogeneous microstructure is obtained, as shown in Fig. 3(d) .
Under the strain rate of 0.01 s ¹1 and deformation temperature of 1273 K, grain size is fine and microstructure is homogenous, as shown in Fig. 3(e) . With increasing strain rate, the time for grain growth reduces, and the size of recrystallized grain becomes smaller. When the strain rate reaches 1 s
, the recrystallized grain is extremely small, which is shown in Fig. 3(f ) , leading to the seriously inhomogeneous microstructure.
At the temperature of 1473 K, with increasing strain rate, the finial microstructure at fracture area becomes finer and more homogeneous (shown in Figs. 4(a), 3(d) and 4(b)), which is different from the microstructural evolution with strain rate at the lower temperature of 1273 K. This is because the finial recrystallization microstructure is determined by the Hot Tensile Deformation and Fracture Behavior of a Nitrogen Alloyed Ultralow Carbon Austenitic Stainless Steelbalance of recrystallization nucleation rate and grain growth rate. Grains grow at faster rates at 1473 K and recrystallization nucleation accelerates at 1 s ¹1 , leading to the finest grains under the deformation condition of 1473 K and 1 s ¹1 .
Fracture morphology
Fracture morphologies of the studied steel under the strain rate of 0. Figures 5(a) and 5(b) show that at the deformation temperature of 1173 K, the fracture surface is covered with a large amount of small dimples, and the coalescence of dimples is rarely observed. Internal necking hardly occurs under relatively low deformation temperature, and the deformation tends to generate some microscopic dimples rather than enlarge the previously induced small ones. With the increase of deformation temperature, the coalescence of dimples is most likely to occur. Therefore, a lot of large dimples can be observed on the fracture surface. At the deformation temperature of 1273 K, as shown in Figs. 5(c) and 5(d), the size of dimples is large, and some blade-type edges are distributed on the walls of big dimples, indicating the coalescence of dimples during the hot tensile deformation. When the deformation temperature reaches 1373 K, the dimples become larger, and lots of blade-type edges are observed, shown as Fig. 5(f ) . At 1473 K, it is observed from Fig. 5(g ) that the macroscopic fracture surface is smooth, which is completely different from the macroscopic fracture surface at 1173 K (shown in Fig. 5(a) ). This smooth macroscopic fracture surface is also observed at 1273 K and 1373 K (shown in Figs. 5(c) and 5(e)). From Fig. 5(h) it can be seen that the microscopic fracture is covered with equiaxial crystals at 1473 K. This is not the true fracture morphology, because that under high temperature the cross section of necking region decreases, the electric current increases dramatically, and the phenomenon of partial melting appears at fracture surface. , the fracture surfaces are all covered with dimples and tearing edges. It suggests that the nucleation, growth and coalescence of microvoids deteriorate the formability of the studied steel and contribute to the final fracture of specimens at the deformation temperature of 1373 K. Generally, the internal necking resistance of metallic materials increases with the decrease of strain rate, which results in the growth and coalescence of dimples. However, as shown in Fig. 6(d) , the size of dimples is small and the coalescence of dimples can rarely be observed. From Figs. 5(f ) and 6(b), it can be found that some large dimples appear when the strain rate decreases from 0.1 s ¹1 to 0.01 s ¹1 . For the case of the strain rate of 0.01 s
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, there is enough time for the growth and coalescence of microvoids. Therefore, the fracture surface is covered with many large dimples.
Percentage reduction of area
Percentage elongation and percentage reduction of area are the two indicators to reflect the plasticity of metals, and usually plasticity of metals is reflected by percentage elongation. In this study, the heating length for specimens during hot tensile tests is not fixed, so the percentage reduction of area of the specimens was calculated to observe plasticity of the studied steel.
Percentage reduction of area of the specimens at different deformation conditions is shown as Fig. 7 . Under the deformation temperature range of 11731373 K, with the deformation temperature increasing percentage reduction of area increases. While with the strain rate increasing percentage reduction of area firstly increases, and then decreases, percentage reduction of area reaches maximum value at the strain rate of 0.1 s ¹1 . This is an abnormal phenomenon which needs to be further studied. Gittins found that percentage reduction of area of a 302 steel reaches a maximum value at the strain rate of 1 s ¹1 under the hot tensile temperature of 1373 K, and believed that this phenomenon is related to grain-boundary sliding and dynamic recrystallization (DRX), but under the deformation temperature of 1073 K there is no DRX occurs and the maximum ductility is absent. 26) Under the deformation temperature of 1473 K, with the strain rate increasing percentage reduction of area increases, percentage reduction of area at the strain rate range of 0.010.1 s ¹1 is smaller than that at the same strain rate under the deformation temperature of 1373 K. There are three reasons to explain this phenomenon, one is that under high temperature, the decreasing rate of grain boundary strength is faster than that of intragranular strength, and the fracture mechanism of hot tensile specimens is intergranular fracture, the second is that the recrystallization grains are coarse at high temperature and low strain rate (shown in Figs. 4(a) and  3(d) ), which lead to the plasticity decreasing, the last reason is that partial melting appears at fracture surface at high temperature and low strain rate, which results in the decrease of the plasticity at fracture.
Simulation of Fracture Behavior
Ductile fracture criteria are divided into macroscopic criteria and microscopic criteria. For macroscopic fracture criteria the effects of microstructural evolution are not taken into account, but the equation of which is simple and can be easily calculated and corrected, so they are widely used. Normalized Cockcroft & Latham criterion is one of the macroscopic fracture criteria and is widely used. It can be expressed as eq. (1):
Where · is equivalent stress, ¾ is equivalent strain, ¾ f is the equivalent strain when material fractures (critical fracture strain), · 1 is maximum principal stress, and C f is fracture threshold value. Normalized Cockcroft & Latham criterion supposes that equivalent stress has an effect on the ductile fracture of materials as well as maximum principal stress. Materials fracture when plastic deformation exceeds the fracture threshold value. 6) 
Estimation of fracture threshold values
Finite element simulation was conducted to determine the facture threshold value for each tensile test. The computations were carried out using DEFORM-3D, a finite element simulation software. The damage parameters were calculated based on the normalized Cockcroft & Latham criterion. During simulation process, the following three assumptions were pre-established: (1) The specimen has only plastic deformation during hot tensile deformation process; (2) The middle part of the specimen is uniform temperature zone (length: 15 mm) during hot tensile deformation process, and the temperature of this zone is the specified testing temperature; (3) There is no heat transfer between the specimen and the external environment and no change of mechanical work to thermal energy, so as to keep the temperature of the workpiece constant. The 3D solid models were built using Pro/Engineer, and then imported into DEFORM-3D software, as shown in Fig. 8 . The mesh of the workpiece was generated by tetrahedral element, and refined at the center area. The total mesh number of the workpiece is 50000. The bottom of the workpiece is fixed. The temperature of the top die is the same as the temperature of the workpiece, and the friction coefficient between them is 0.7. All the other boundary conditions and process conditions are the same with the experimental conditions.
The flow stress-strain curves before necking were obtained directly by the hot tensile experiments, and the flow stressstrain curves after necking were firstly corrected by the Bridgman method 27) and Le Roy 28) method, and then modified by the heuristic method until the simulated strokeload curves were in agreement with the experimental strokeload curves. The final stroke-load curves exported from the finite element simulation software are compared with the experimental stroke-load curves, as shown in Fig. 9 .
Simulation results and discussion
The final fracture threshold values of the studied steel calculated by FEM are shown in Table 2 . Obviously, the fracture threshold value of the studied steel is affected by deformation temperature and strain rate. Generally, the fracture threshold value increases with the increase of deformation temperature and decrease of strain rate. While normalized Cockcroft & Latham criterion was proposed based on cold deformation, the effects of temperature and strain rate on fracture threshold value were not included, so it is not suitable for hot deformation.
Alexandrov et al. 29) and Zhu et al. 11) believe that the effects of temperature and strain rate on fracture of aluminum alloys and titanium alloy should be considered during hot deformation. The simulation results in Table 2 also show that the fracture threshold value varies with deformation temperature and strain rate. Since the fracture threshold value of the studied steel is affected by deformation temperature and strain rate, it could be expressed by the function of Zener- Hollomom (Z) parameter (Z ¼ _ ¾ Â expðQ=RTÞ), 11) where R is gas constant, _ ¾ is strain rate, Q is apparent activation energy of hot deformation, and T is deformation temperature. In our previous study, Q = 472000 J/mol/K is obtained. 30) The relationship between fracture threshold value and ln Z is shown in Fig. 10 . It can be seen that the relationship between fracture threshold value and ln Z is highly linear. Thus, the fracture threshold value of the studied steel, which is based on the normalized Cockcroft & Latham criterion, can be expressed as eq. (2), and the new fracture criterion can be expressed as eq. (3).
By the new fracture criterion fracture threshold value of the studied steel during hot deformation can be calculated easily and accurately, and the new fracture criterion can be imported into DEFORM-3D by secondary development to predict the fracture behavior of the studied steel during hot deformation. In this study, only the effects of deformation temperature and strain rate are taken account into the simulation, the effects of microstructure on simulation model are not considered because the mechanism of plasticity during hot deformation are too complex. In order to improve the accuracy of calculation, the effects of microstructure on simulation must be taken into account in the future.
Conclusion
(1) At the deformation temperature of 1473 K, dynamic recrystallization grains grow rapidly. The coarse grains were observed at the deformation temperature of 1473 K with the lower strain rates of 0.010.1 s ¹1 , while the homogeneous and refining grains were observed at this temperature of 1473 K but with a higher strain rate of 1 s
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. Fig. 9 Comparison between the simulated and experimental stroke-load curves. 
